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Dictyostelium discoideumThe amoeba Dictyostelium discoideum is a well-established model organism for studying numerous aspects of
cellular and developmental functions. Its rather small (~34 Mb) chromosomal genome and the high efﬁciency
of gene disruption by homologous recombination have enabled researchers to dissect various speciﬁc gene
functions. We describe here the use of one-step cloning for the fast and efﬁcient generation of deletion vectors
that are produced in a one-step reaction by inserting two PCR products into an organism-speciﬁc, generic
acceptor system. This worked efﬁciently for all 16 tested constructs directed against genes in the amoeba
Dictyostelium discoideum. Saving cost and time, the used protocol represents a signiﬁcant advancement in the
generation of such plasmids compared to the conventionally applied restriction enzyme/ligation approach.
Using appropriate selectionmarkers, similar systems could also be useful in other organisms, where genes can
be knocked out by homologous recombination.armstadt, Schnittspahnstr. 10,
Hammann).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.1. Introduction
Homologous recombination denotes the exchange of nucleotide
sequences between identical or nearly identical DNA strands. It is a key
mechanismboth for themaintenance of genetic information and likewise
for the generation of genetic variation by allowing for novel combinations
ofDNAsequence information. Thenaturalmechanismof recombination is
routinely used to exchange or disrupt genes by genetic engineering.
Genes can be disrupted or deleted by various constructs, the
design of which essentially depends on the idiosyncrasy of the model
organism of interest. Usually, a deletion vector requires the presence
of two fragments that are homologous to parts of the gene of interest
(right and left arms) and that surround a selection marker. If such a
construct is transformed in the respective organism, two homologous
recombination events can lead to the generation of a largely deleted
gene [1–3] (Fig. 1A). Since this is a rare event, however, the selection
marker is required as it allows to propagate only those cells that
harbor the transgene construct, whose integration at the homologous
site has to be conﬁrmed independently.
Among eukaryotic organisms, there is considerable variation in the
length of the arms that need to be included to achieve the desired
gene disruption. The baker's yeast Saccharomyces cerevisiae likely
represents the least demanding where stretches as short as 20
nucleotides (nts) are sufﬁcient [1]. Other species require considerably
longer sequences of several hundreds of nucleotides up to the kilobase(kb) range, as it is the case for example in mice [3], or the amoeba
Dictyostelium discoideum [2] that we are interested in. Due to this
requirement, the gene deletion constructs for such organisms cannot
be readily created from short oligonucleotides, as it is the case for
baker's yeast. Instead, they need to contain two longer arms that
usually are generated in the form of two PCR products of appropriate
length that correspond to regions of the gene of interest. Conven-
tionally, the two arms are then cloned separately in a cloning vector,
sequenced, and inserted one after the other in another vector that
contains the selection marker. This series of re-cloning events relies
on the presence of compatible restriction enzyme recognition sites,
which allow for the directed insertion by using DNA ligase. Thus, for
organisms where the homology arms are long, as in mice or amoebae,
a stepwise analysis of a number of clones has to be performed for up to
four consecutive cloning steps. Here we describe an alternative
strategy for the generation of gene knockout vectors for the amoeba
Dictyostelium discoideum, in which the required arms can be shuttled
in the destination vector in a one-step reaction in vitro (Fig. 1B–E).
2. Materials and methods
2.1. Generation of PCR products from genomic DNA of D. discoideum
Genomic DNA was isolated as described previously [4]. Primer
sequences were designed as outlined in Fig. 2. Whenever possible, the
recognition sequence of the same restriction enzyme was added to the
LA1 and RA2 primers. For use in the pKOSG-IBA-dicty1 vector, suitable
restriction enzymes are for example Bgl I, Bpu 1102 I, Eco RI, Kpn I, Pst I.
Among these any can be chosen whose recognition sequence does not
Fig. 1. Gene deletion by homologous recombination. (A) Two recombination events between a gene of interest and a disruption construct featuring two parts of that gene (left and
right arm), which surround a selection marker can lead to a disrupted and partially deleted gene. (B–E) Generation of gene deletion constructs by one-step cloning. (B) Left and right
arms are created by PCR, using speciﬁc primers that all contain at their 5′ ends the StarCombinase binding area (omitted for clarity), the speciﬁc, appropriate combinatorial sites (CS)
and a unique restriction site (RS) as indicated. (C) The generic acceptor system pKOSG-IBA-dicty1 features, next to the StarCombinase binding area (omitted for clarity), four
combinatorial sites (CAAC, CTTC, AATG and GGGA) that ﬂank the selection marker and a vector backbone with a resistance gene (AmpR) and an origin of replication (ORI) for
bacterial propagation. (D) A reaction between the DNA fragments from (B) and (C), mediated by StarCombinases (stars), leads to the desired gene deletion construct in a one-tube
reaction. (E) An enzyme recognizing the RS is used to initially analyze plasmids from bacterial clones and can also be used to generate the linear gene disruption fragment required
for transformation of eukaryotic cells (cf. A). The restriction enzymes used are listed in Table A.1.
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resulting primer sequences used here are summarized in Table A.1. For
some primers, we made use of naturally occurring restriction enzyme
recognition sequenceswithin the gene, for example, RA2of drnAKO I. InFig. 2. Primer design for cloning with pKOSG-IBA-dicty1. RS denotes the unique restriction
cloning in Dictyostelium discoideum. The StarCombinase binding areas are printed in light bgeneral, PCR ampliﬁed 400–700 bp segments of Dictyostelium genomic
DNA for use as homology arms. Standard PCR reactionswere carried out
using a mixture of Pfu and Taq DNA polymerases (1:2). As a general
protocol we have used 10–100 ng genomic DNA of the Dictyosteliumenzyme recognition sequence site that is added to the primer for plasmid analysis and
lue and the combinatorial sites are shown with the color code used in Fig. 1.
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the desired productwith ﬁnal concentrations of 500 nM for each primer
and 200 μMdNTPs in a standard Taq buffer (Cat. # B16, Fermentas). The
PCR consisted of an initial denaturation step at 95 °C for 5 min, followed
by 30 cycles of usually 30 s each at 95 °C for denaturation, followed by
50–55 °C depending on the primer design for annealing and ﬁnally at
72 °C for elongation. After 30 repetitions, a ﬁnal step of 72 °C was
included to ﬁll up imperfect PCR products. PCR products were checked
on 1–1.5% agarose gels and visualized using ethidium bromide staining.
Depending on the purity of the product, the NucleoSpin® Extract II
kit (Macherey-Nagel) was used either for a PCR clean up, or for gel
extraction, in case of additional PCRproducts. Subsequently, the amount
of puriﬁed PCR product was determined by UV absorbance at 260 nm
and controlled by comparison with a DNA marker.
2.2. One-step cloning
The generic cloning vector pKOSG-IBA-dicty1 (Fig. 1C) was
adapted for the use of StarCombinase by IBA GmbH (Göttingen,
Germany) and used according to the manufacturer's instructions for
StarGate technology (http://www.iba-go.com/naps/naps_fr04.html).
In detail, one-step cloning was carried out by mixing 10 μL pKOSG-
IBA-dicty1, 15 ng each of the two PCR products, followed by the
addition of 1 μL each of the StarSolution A1, StarSolution A2 and
StarSolution A3, in a total volume of 25 μL dH2O. After incubation for
1 h at 30 °C, 10 μL of the reaction mixture was transformed in 100 μL
chemically competent E. coli TOP10 cells. The remainder was kept as
backup. The transformed cells were completely plated on LB plates
containing 50 μg/mL ampicillin. Depending on the construct, between
21 and several hundred bacterial clones were obtained the next day.
2.3. Analysis of generated vectors
For the analysis of the generated vectors, plasmid mini prepara-
tions were performed and the obtained plasmids digested with the
restriction enzymewhose recognition sequence had been added to the
respective LA1 and RA2 primers. Restriction digests were analyzed by
agarose gel electrophoresis, as shown in Fig. 3 and Fig. A.3–A.6. Clones
with the expected band pattern were selected and sequenced using
the FUSION-Primer for (5′GGGAATAAGGGCGACACGG3′) and FUSION-
Primer rev (5′GAGCGTCGATTTTTGTGATGC3′), that bind in the pKOSG-
IBA-dicty1 sequence upstream of the left arm and downstream of the
right arm, respectively. Plasmidmaxi preparationswere carried out on
constructs with correct sequences. Of these, 10 μg was digested using
the same restriction enzymes that linearized the plasmid (Fig. 1E).
2.4. Generation of control vectors based on the pLPBLP construct and
using restriction enzyme and ligase
The right and the left arms of the control vectors were ampliﬁed
from genomic DNA with the primer sequences outlined in Table A2.
The fragments were cloned into pGEM®-T Easy vector (Promega) and
after analysis by restriction digest clones with the correct insert were
conﬁrmed by sequencing. The left arms were then excised with NotI
and PstI and cloned into the empty pLPBLP vector [2], which had been
digested with the same two enzymes. After analysis of the generated
vectors by restriction digests the right arms were cloned in the same
way using HindIII and SalI restriction sites, resulting in the pLPBLP
vectors containing both arms.
3. Results and discussion
3.1. Design of the generic system to generate gene knockout plasmids
The generation of gene deletion constructs can be tedious, particularly
for species in which the homology arms have to be several hundrednucleotides long. For example, for deleting genes in the amoeba
Dictyostelium discoideum, a series of consecutive cloning steps for the
right arm and the left arm, and their subsequent combination in the
desiredplasmid is usually required. In order to bypass these stepswehave
used a system with which we wanted to insert the two PCR fragments
representing the right and left arms into a generic acceptor vector
harboring the resistance cassette. If carried out in a one-step reaction, we
ideally would reduce material and time consumption to a quarter of that
required for the conventional set-up that uses restriction enzymes and
DNA ligases. For this purpose, a custom made knockout vector has been
adapted to the StarGate technology of IBA (Fig. A.1). The generated
acceptor vector pKOSG-IBA-dicty1 features a resistance cassette against
Blasticidin S (BS(R); Fig. A.2) as the selectionmarker. For the design of the
Blasticidin resistance cassette, the recently introduced version with loxP
sites [5] was used that has greatly furthered the generation of multiple
knockout strains in D. discoideum [2] (Fig. A.2). For the generation of PCR
fragments of left and right arms, StarCombinase binding areas and
appropriate combinatorial sites (CS1-CS4; Fig. 2) were added to the PCR
primers. Sequences for site-speciﬁc integration in a destination vector
have also to be added to primerswhen using alternative technologies, like
In-fusion, Gateway or the Red/ET cloning system [6–8]. Among these
different systems, the 4 nt long combinatorial sites of the StarGate system
usedhere areparticularly short. Additionally to these, a constant sequence
of 11nucleotides is present that serves as StarCombinase binding area and
that is not included in the destination vector (Fig. 2).
In addition to these sequences, we also added a unique restriction
enzyme recognition site (RS) to the5′endof the left armand the3′endof
the right arm (Fig. 1B). The combinatorial sites are present in the PCR
products, the resistance cassette and the vector backbone (Fig. 1C and
Fig. A.2). As the four combinatorial sites vary, the PCR fragments are
inserted in the vector in an oriented manner, resulting in the desired
gene deletion vector (Fig. 1D). The added RS, however, serve two
purposes: minipreps of the generated plasmids can be easily screened in
a simple restriction digest (Fig. 1E), and linear fragments that are
required for transformation and subsequent homologous recombination
in Dictyostelium (Fig. 1A) can be readily obtained from a conﬁrmed
plasmid.
3.2. Assessing the functionality of the one-step cloning
We initially used this set-up to generate deletion vectors against the
three members of the gene family of RNA-dependent RNA polymerases
(rrpA, rrpB, rrpC) in D. discoideum [9], that are homologues of enzymes
involved in RNA interference [10–12]. For the generation of functional
gene knockouts in Dictyostelium, it has proven advantageous to delete a
large part of that gene. Accordingly,we have placed the right and the left
arms such that the functional domains of the encoded proteins are
deleted in each gene. After generation, puriﬁcation and quantiﬁcation of
the PCR products we have shuttled them into pKOSG-IBA-dicty1
(Fig. 1D), and after 60 min, themixturewas transformed into competent
cells of the Escherichia coli strain TOP10. For each knockout construct,
approximately 200 clones were obtained and conventional DNA mini
preparations were carried out on 10 colonies. The use of restriction
enzymes that target the unique RS introduced by PCR (Fig. 1B) revealed
that between 7/10 and 10/10 clones had an insert of the correct size
(Table 1; Fig. 3). For each clone, two plasmids were selected for further
analyses. In each case, standard sequencing reactions revealed that the
position and the nucleotide sequence of both ﬂanking arms were
correct. This indicates that the designed generic system for the creation
of gene deletion vectors is functional.
3.3. General usability of the one-step cloning of knockout plasmids for
Dictyostelium discoideum genes
To assess whether the acceptor vector pKOSG-IBA-dicty1 indeed
can be used in general, we have created 13 further deletion vectors
Fig. 3. Restriction analysis of RdRP deletion vectors. Restriction digest (PstI) analyses of the indicated knockout vectors directed against the Dictyostelium RNA-dependent RNA
polymerase genes rrpA, rrpB and rrpC. (A) rrpA KO Del. M denotes the Fermentas 1 kb marker. Expected fragment sizes are 1845 and 3008 bp. (B) rrpB KO Del. M denotes the
Fermentas 100 bp plus marker. Expected fragment sizes are 1845 and 3008 bp. (C) rrpC KO Del I. M denotes the Fermentas 1 kb marker. Expected fragment sizes are 1845 and
2909 bp. (D) rrpC KO Del II. M denotes the Fermentas 100 bp plus marker. Expected fragment sizes are 1845 and 2459 bp. (E) rrpC KODO. M denotes the Fermentas 100 bp plus
marker. Expected fragment sizes are 1845 and 2751 bp.
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primers listed in Table A.1. We successfully generated such vectors
against the two Dicer genes, that are essential for RNA interference
in other organisms [13,14], the annotated RNA helicase dhx9 and elp1,
a subunit of the RNA polymerase II core elongator complex [15]. For
all these constructs that feature right and left arms in the coding
sequence of the respective gene, we have obtained correct deletion
vectors in the very ﬁrst attempt, as judged by restriction digest
(Fig. A.3–A.6) and subsequent sequencing. The percentage of correct
clones, based on restriction digest analyses, varied between 14% andTable 1
Efﬁciency of the generation of gene deletion vectors by one-step cloning.
Gene namea pKOSG- Position of left arm in gen
rrpA (DDB_G0289659) rrpA KO Del +1306, +2057
rrpB (DDB_G0291249) rrpB KO Del +1273, +2024
rrpC (DDB_G0280963) rrpC KO Del I +670, +1323
rrpC KO Del II +107, +554
rrpC KODO +3135, +3630
drnA-1 (DDB_G0273051) drnA KO I (R2 L1) +37, +500
drnA KO II (R2 L2) +37, +500
drnA KO III (R3 L1) +1953, +2436
drnA KO IV (R3 L2) +1953, +2436
drnB (DDB_G0268410) drnB KO I (R1 L1) +761, +1165
drnB KO II (R1 L2) +761, +1165
drnB KO III (R2 L1) +47, +590
drnB KO IV (R2 L2) +47, +590
dhx9 (DDB_G0275313) dhx9 KO I +1545, +2284
dhx9 KO II +1545, +2284
elp1 (DDB_G0284075) elp1 KO +75, +990
a Gene names and accession numbers are given quoting http://dictybase.org/.
b Start and end nucleotide relative to the ATG start codon of the gene.
c Positive clones conﬁrmed by restriction digest.100%; however, for half of the tested constructs the percentage of
correct clones was ≥90% (Table 1).
3.4. Efﬁciency of the recombination in Dictyostelium
To allow for an assessment of the recombination efﬁciency of the
plasmids generated, we created for comparison three corresponding
conventionally cloned knockout constructs with the identical left and
right arms, based on the pLPBLP vector [2]. For both types of
constructs, the pLPBLP and the pKOSG, 10 μg of a conﬁrmed cloneeb Position of right arm in geneb Positive clonesc Efﬁciency
+5219, +5990 7/10 70%
+5275, +6046 7/10 70%
+5190, +5960 10/10 100%
+6151, +6677 9/10 90%
+5190, +5960 10/10 100%
+2641, +3011 3/21 14%
+3126, +3659 4/4 100%
+2641, +3011 1/4 25%
+3126, +3659 3/4 75%
+3561, +3974 4/4 100%
+3973, +4568 3/4 75%
+3561, +3974 4/4 100%
+3973, +4568 4/4 100%
+3473, +4336 10/10 100%
+3963, +4597 5/6 83%
+3366, +4078 7/10 70%
total 82/125 66%
Table 2
Single clone analysis of putative RNA-dependent RNA polymerase gene deletion strains.
Gene Construct used for
transformation
# of clones with correct
PCR signala
Summary
positive
clonesb
Efﬁciency
Wild
type
Left
arm
Right
arm
rrpA pLPBLP rrpA KO Delc 36/36 36/36 33/36 33/36 92%
pKOSG rrpA KO Delc 33/36 30/36 35/36 27/36 75%
rrpB pLPBLP rrpB KO Del 14/18 14/18 10/18 9/18 50%
pKOSG rrpB KO Del 4/18 5/18 4/18 4/18 22%
rrpC pLPBLP rrpC KO Delc 0/36 n.d.d n.d.d 0/36 0%
pKOSG rrpC KO Dele 3/54 4/54 3/54 3/54 5,5%
a Three PCR reactions were performed to show the absence of the wild type signal, or
the correct integration of the BS(R) cassette with respect to sequences upstream of the
left arm or downstream of the right arm, respectively (see text).
b A positive clone displays correct signals for the three aforementioned features
(absence of wild type signal, correct integration of left and right arm).
c Results from two independent transformations (18 clones each).
d n.d.: not determined.
e Results from three independent transformations (18 clones each).
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were used and for pLPBLP vectors NotI and SalI, to excise the knockout
fragments that target either of the three rrp genes in Dictyostelium.
The digested DNA was transformed in D.discoideum Ax2 wild type
cells. After sub-cloning and selecting blasticidin-resistant clones, PCR
analyses were carried out on single clones to conﬁrm the site-speciﬁc
integration of the linear knockout constructs. For each construct, three
PCR reactions were carried out (Table A.3). First, primers were used
that would bind to the deleted region. Only clones that showed no PCR
signal were further analyzed. Next, primers within the BS(R) cassette
and either upstream of the left arm or downstream of the right arm
were used in two independent further PCR reactions. Clones were
considered positive, when in both these PCR reactions a signal of the
expected size was observed (Table 2). All pKOSG based vectors
yielded clones in which the respective rrp genes were deleted. Gene
deletions were also conﬁrmed independently for two clones each by
Southern blotting (data not shown). The frequency of recombination
events varied considerably among the three rrp genes, as between 5%
and 75% of the analyzed clones were positive knockouts (Table 2). In
control transformations using identical amounts of the pLPBLP based
constructs, the integration efﬁciency was 92% and 50%, for the rrpA
and rrpB genes, respectively, and thus slightly higher than with the
pKOSG construct. For rrpC, on the other hand, no knockout strain was
obtained from the respective pLPBLP vector in two independent
transformations (Table 2). Since the efﬁciency was also very low for
the corresponding pKOSG vector, this difference is likely to vanish if
an even higher number of clones from the pLPBLP based vector was
analyzed. Thus, although there is some variation in the integration
efﬁciency observed for the two types of constructs targeting the three
rrp genes, these differences do not appear signiﬁcant. Overall, the
pKOSG based vectors and the pLPBLP thus are comparable in their
usefulness to generate gene deletions; however, they differ strongly in
the time and cost for their preparation, with the pKOSG plasmids
being considerably more economic.
4. Conclusions
In summary, we show that one-step cloning allows for fast,
efﬁcient and reliable generation of gene deletion vectors. In principle,
this could be also achieved by other in vitro systems, like In-Fusion,
Gateway and other systems [7], or the in vivo Red/ET system [8], that
all can be used to include linear fragments in respective acceptor
vectors. The main advantage that we saw in using this one-step
cloning system was the possibility to use very short sequences as
combinatorial sites. Although we have established here this generic
vector system for the model organism D. discoideum only, the
principle might also be applicable to other organism, in which genes
can be manipulated by homologous recombination.
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